We study the Λ(1520) in a chiral coupled channel approach. This resonance appears as dynamically generated from the interaction of the decuplet of baryons and the octet of mesons in s-wave with the inclusion of theKN and πΣ channels in d-wave. Since the most important building block in the Λ(1520) is the πΣ * (1385) channel, we study the K − p → πΣ * (1385)(π 0 Λ) reaction in the region of the Λ(1520) and above, and compare the results with recent experimental data. With the coupling of the Λ(1520) to the πΣ * channel predicted by the theory we find a cross section in good agreement with the data and there is as well agreement for the invariant mass distributions which show a neat peak for the Σ * (1385) in the (π 0 Λ) spectrum. Predictions are made of a strong Λ(1520) resonant peak of the cross section, as a function of the K − momentum, in the region below the measured data which, if confirmed experimentally, would give a stronger support to the idea of the Λ(1520) as a dynamically generated resonance.
Introduction
The unitary extensions of chiral perturbation theory, UχP T , are having a great impact in the study of meson baryon interaction at low energies and at the same time have shown that many known resonances listed by the Particle Data Group (PDG) [1] qualify as dynamically generated, or in simpler words, they are quasibound states of a meson and a baryon. After early studies in this direction showing that the Λ(1405) and the N * (1535) were dynamically generated resonances [2, 3, 4, 5, 6, 7, 8, 9] , more systematic studies have shown that there are two octets and one singlet of resonances from the interaction of the octet of pseudoscalar mesons with the octet of stable baryons [10, 11] .
Further work in this direction [12, 13] has shown that many of the 3/2 − low lying baryonic resonances appear as dynamically generated from the interaction of the decuplet of baryons and the octet of mesons. One of the interesting resonances generated in these schemes is the Λ(1520). In this approach this resonance couples to the πΣ * (1385) and KΞ * (1533) channels, particularly to the former one, to the point that being below the πΣ * threshold, qualifies very well as a quasibound state of πΣ * . However, the lack of other relevant channels which couple to the quantum numbers of the resonances makes the treatment of [12, 13] only semiquantitative. In particular, the Λ(1520) appears in [12, 13] at higher energy than the nominal one and with a relatively large width. This large width is a necessary consequence of the large coupling to the πΣ * channel and the fact that the pole appears at energies above the πΣ * threshold. On the other hand, if we modify the subtraction constants of the meson baryon loop function to bring the pole below the πΣ * threshold, then the pole appears without imaginary part. Since the width of the Λ(1520) resonance comes basically from the decay into theKN and πΣ(1193), the introduction of these channels is mandatory to reproduce the shape of the Λ(1520) resonance.
In the present work we include theKN and πΣ channels into the set of coupled channels which build up the Λ(1520). The novelty with respect to the other channels already accounted for [12, 13] , which couple in s-wave, is that the new channels couple in d-waves. Fitting two parameters to the partial decay widths of the Λ(1520) intoKN and πΣ, a good shape for the Λ(1520) dominated amplitudes is obtained at the right position and with the proper experimental width. The coupling of the Λ(1520) to the πΣ * channel is a prediction of the theory and we use this to study the reaction K − p → πΣ(1385)(π 0 Λ) which is closely related to the strength of this coupling. We then compare with recent experimental results measured above the Λ(1520) energy. The agreement with the data is good and the cross section is sizeable thanks to the large coupling of the Λ(1520) to the πΣ * channel. Other standard mechanisms for the K − p → π 0 π 0 Λ reaction without the Λ(1520) give too small a cross section compared to experiment in a wide range of energies around the Λ(1520) peak.
We also compare the invariant mass distributions for π 0 Λ, where a distinct peak associated to the Σ(1385) resonance is seen, in good agreement with experiment.
We also make predictions for the cross section for K − p energies around the Λ(1520), where we find a large peak with the Λ(1520) shape, not measured so far, and which, if confirmed experimentally, would give a strong support to the idea of the Λ(1520) as a dynamically generated resonance.
Inclusion of the new channelsKN and πΣ into the coupled channel approach allows one to calculate the cross sections of other reactions where the Λ(1520) appears, much as has been the case of the Λ(1405) [14] , where a large variety of reactions could be studied within the chiral unitary approach taking into account that the Λ(1405) is dynamically generated from theKN and coupled channels in s-wave.
Decuplet octet interaction and the Λ(1520)
Following [13] , we briefly recall how the Λ(1520) is generated dynamically in the s-wave interaction of the decuplet of baryons with the octet of pseudoscalar mesons. We consider the lowest order term of the chiral Lagrangian given by [15] 
where T µ abc is the spin decuplet field and D ν the covariant derivative given by
with µ the Lorentz index and a, b, c the SU(3) indices. The vector current Γ ν is given by
with
where Φ is the 3×3 matrix of fields for the pseudoscalar mesons [16] and f = 93 MeV. Consideration of only the s-wave part of the baryon meson interaction and the use of nonrelativistic approximations as described in detail in [13] allows for substantial technical simplifications.
We obtain the s-wave transition amplitudes for a meson of incoming and outgoing momentum k and k ′ respectively as
For the quantum numbers S = −1 and I = 0 the relevant channels are πΣ * and KΞ * . The corresponding coefficients C ij are shown in table 1 where we have used the isospin states 1 |πΣ * ; Table 1 : C ij coefficients for S = −1, I = 0.
The matrix V is then used as the kernel of the Bethe-Salpeter equation to obtain the unitary transition matrix [4] . This results in the matrix equation
where G is a diagonal matrix representing the meson-baryon loop function
in which M l and m l are the masses of the baryons and mesons respectively. In the dimensional regularization scheme this is given by
where µ is the scale of dimensional regularization, a l is the subtraction constant and q l denotes the three-momentum of the meson or baryon in the centre of mass frame. We then look for poles of the transition matrix T in the complex √ s plane. The complex poles, z R , appear in unphysical Riemann sheets. In the present work we use the loop function of eq. (9) for energies below threshold and replace it above threshold with
where the variables on the right hand side of the above equation are evaluated in the first (physical) Riemann sheet. It is trivially verified that the same can be achieved by changing the sign of the complex valued momentum q l from positive to negative in the loop function G l (z) of eq. (9) for the channels which are above threshold at an energy equal to Re(z). This we call the second Riemann sheet R 2 .
Using the natural size values [6] a = −2 and µ = 700 MeV, we find a pole at z R = 1550 − i67 as seen in fig. 1 , which we can well associate with the 4-star resonance Λ(1520). The residue at this pole indicates a strong coupling to the πΣ * channel [13] . However, the experimental mass and width are lower and there are also large branching ratios of the Λ(1520) to theKN and πΣ channels. In the following section we will phenomenologically add these channels to our coupled channel scheme.
Introduction of theKN and πΣ channels
We will generate the resonance Λ(1520) in coupled channels involving the πΣ * , KΞ * ,KN and πΣ. However, we shall only couple theKN and πΣ channels to the dominant πΣ * channel as described below. where T (2) † is a (rank 2) spin transition operator defined by
is the spherical harmonic coupled to T (2) † to produce a scalar, and k is the momentum of theK. The 3rd component of spin of the initial nucleon and the final Σ * are denoted by m and M respectively. Choosing appropriately the reduced matrix element we obtain
In the same way we write the amplitude for πΣ (d-wave) to πΣ * (s-wave) as
Now, let us consider fig. 3 . The loop function G involving theK and N is given by
where G N and DK are the propagators for the nucleon and theK respectively. Eq. (14) can be further simplified by performing the angular integration of the two spherical harmonics, which gives δ M M ′ and then using the orthogonality of the Clebsch Gordan (CG) coefficients. We obtain
Factorizing the vertex, i.e. | q| 2 , on shell as done in the Bethe Salpeter approach [4] which is justified by the underlying N/D unitarization method [18, 6] results in the simplification that we can use the transition matrix elements
where q on and q ′ on are the (on-shell) CM momenta of theK and π respectively for a given value of s. After removing the factor (βK N | q| 2 ) 2 in eq. (15), the rest of the formula is the ordinary G function for the s-wave meson baryon interaction, eq. (8). This allows us to use the same formalism as in ordinary s-wave scattering assuming an effective transition potential βK N | q on | 2 for πΣ * →KN.
With the matrix V now given by
we solve eq. (7) to obtain the amplitudes T . The actual transition amplitudes are related to T through the following relations
We then look for poles in the 2nd Riemann sheet of the complex plane. Assuming that the pole corresponding to the Λ(1520) appears at z = z R where z stands for the (complex) CM energy, the amplitudes close to the pole can be written as
where the couplings g πΣ * , gK N and g πΣ can be obtained from the residues at the pole. Writing the amplitudes for the Λ(1520) decay toKN and πΣ respectively as,
the partial decay widths of the Λ(1520) are obtained as,
where kK = | q on | = 242 MeV and k π = | q ′ on | = 263 MeV. The partial decay width to the πΣ * channel is zero because the Λ(1520) pole is below the threshold for this channel. Note that gK N and g πΣ automatically incorporate the βK N | q on | 2 and β πΣ | q ′ on | 2 of the transition potential since at least one πΣ * →KN transition is needed in the Bethe Salpeter series. Hence the term | q on | 4 kK = k 5 K guarantees the d-wave character of the decay. We vary βK N and β πΣ to reproduce the correct partial decay widths of the Λ(1520) intoKN(45%) and πΣ(42%) out of a total width of 15.6 MeV and simultaneously the subtraction constant a in order to have the pole at the experimental Λ(1520) mass. This exercise results in the values |g πΣ * | = 1.57, |gK N | = 0.54 and |g πΣ | = 0.45 for the couplings of the various channels to Λ(1520) using βK N = 2.4 × 10 −7 , β πΣ = 1.7 × 10 −7 in units of MeV −3 and a = −2.5, fixing µ = 700 MeV. With this we obtain the Λ(1520) pole at the position z R = 1519.7 − i7.9 as seen in fig. 4 . The isoscalar part of the amplitudes for specific charge channels can be obtained from the amplitudes obtained above, using 2 |πΣ;
and multiplying the I = 0 amplitudes obtained above by the relevant CG coefficients. It is to be noted that βK N and β πΣ have been fitted to the partial decay widths. Hence we are not making any prediction for these couplings, or equivalently gK N and g πΣ . However, the coupling g πΣ * is a prediction of the theory, up to small changes in the fine tuning of the subtraction constant. 4 The reaction K − p → π 0 Σ * 0 (1385) → π 0 π 0 Λ(1116)
Here we evaluate the cross-section for the reaction K − p → π 0 Σ * 0 generated by the coupled channel scheme and the subsequent decay of the Σ * 0 (1385) to π 0 Λ(1116) as shown in fig. 5 . To obtain the cross-section for K − p → π 0 Σ * 0 in the K − p CM frame we use the formula
where | p 1 | and k = (0, 0, k) denote the momenta of the outgoing pion and the incoming kaon respectively. Using eq. (18) and Y 2,m−M (k) = 5 4π δ mM and taking into account the CG coefficients we find
where m is the spin of the proton and M that of the Σ * 0 . The cross section is then given by
To obtain the cross section for K − p → π 0 Σ * 0 → π 0 π 0 Λ we now evaluate the Feynman diagram of fig. 5 where the Σ * 0 appears as a particle propagator. The vertex Σ * 0 → π 0 Λ is given by [19] −
where S † is the 1/2 to 3/2 spin transition operator and the coupling f Σ * πΛ is fitted to the partial decay width of 32 MeV for Σ * 0 → π 0 Λ. Using the SU(3) arguments of [19] one obtains f Σ * πΛ mπ = 6 5 D+F 2f . The amplitude for the process shown in fig. 5 in the K − p CM is then obtained as
where m ′ is the spin of the outgoing Λ. Here, and in the following we will take the spin projection m = +1/2 for the proton. The p-wave decay width of the propagating Σ * is given by
from where we obtain f Σ * πΛ = 1.3 for M R = M Σ * , which only differs from the SU(3) value given above by about 10%. The momentum p ′ 2 of the final pion in the rest system of the Σ * is obtained as In the next step, the total squared amplitude for K − p → π 0 π 0 Λ is symmetrized in the momenta p 1 and p 2 to account for the two π 0 s in the final state so that,
The cross section is then obtained by integrating the above amplitude over the threeparticle phase space (with a factor 1/2 for the identity of the two pions). Details are discussed in the appendix. The results are shown in fig. 6 . The peak in the cross section for K − p → π 0 π 0 Λ (solid line) corresponds to the Λ(1520). We observe a fair agreement with the experimental data [20] in the region of K − momenta up to about 600 MeV from where other mechanisms for π 0 π 0 Λ not tied to π 0 Σ * 0 production become more relevant as we shall see. The cross section for K − p → π 0 Σ * 0 multiplied by the Σ * → Λπ branching ratio (=0.88) is also shown for comparison (dashed line). Recall that the threshold for this reaction lies just above the peak of the Λ(1520). It is interesting to see that there is a good agreement between the two methods of calculation when we are above the π 0 Σ * 0 threshold. However, evaluating the K − p → π 0 Σ * 0 cross section, assuming the Σ * 0 as a stable particle gives no cross section below the π 0 Σ * 0 threshold and then the explicit evaluation of K − p → π 0 π 0 Λ using the Σ * 0 propagator becomes mandatory and provides strength below this threshold. This feature is rather interesting because one can see the shape of the Λ(1520) in the cross section as a function of the K − momentum. The strength of this peak is a genuine prediction of the theory, as well as the strength predicted around 500-600 MeV/c K − momentum. It would be instructive to get data around the energy of the peak, since it would be a clean proof of the link between the Λ(1520) and the πΣ * channel which is the basic prediction of the chiral unitary approach. Figure 7 : A conventional scheme for K − p → π 0 π 0 Λ
We will now consider other mechanisms, figs. 7 and 8 which are not tied to the Λ(1520) resonance. In fig. 7 we separate the K − p → π 0 Λ interaction in s-wave (a) and p-wave (b), this latter one dominated by the Σ * pole [21] . Since there is no s-wave resonance in π 0 Λ around the energies we investigate, it is enough to take for K − p → π 0 Λ the lowest order chiral amplitude in s-wave in fig. 7(a) , which we get from [4] , and we obtain for the amplitude of this diagram,
(31) where k 0 ′ and p 0 ′ 2 are the energies of k and p 2 written in the π 0 Λ CM frame. The amplitude corresponding to the diagram of fig. 7(b) , is given by Figure 8 : A conventional scheme for K − p → π 0 π 0 Λ where f K − pΣ * 0 is given in [19] by
and
where the boosted momenta p ′ 2 and k ′ are obtained as in eq. (29). Next we study the amplitude corresponding to fig. 8 . As shown in [22] the contact term of fig. 8 (b) just cancels the part of fig. 8 (a) which comes from the off shell part of the meson meson amplitude. Hence, using the diagram of fig. 8 (a) with the meson meson amplitude calculated on shell accounts for the sum of the two diagrams. We take the K − K + → π 0 π 0 amplitude from [23] and the K − pΛ vertex from [4] and we obtain
We add all these amplitudes symmetrized to the former ones and recalculate the cross section. Note that the amplitude t (K−pole) is already symmetric with respect to the momenta p 1 and p 2 and does not have to be symmetrized again. The results are shown in fig. 9 . We find that by themselves the new mechanisms would give a cross section more than one order of magnitude smaller than the experiment, up to 600 MeV/c, indicating that the dominant mechanism by far is the one that we have investigated with the πΣ * tied to the Λ(1520) resonance. Added coherently to the dominant mechanism, these new processes produce a negligible effect around the Λ(1520) peak and they become more visible far away from the resonance where they increase the cross section and help to get a good agreement with the data. fig. 9 . The K propagator reduces the strength of the diagram and the factor (p 1 + p 2 ) 2 from the K + K − → π 0 π 0 amplitude also contributes to the small size of the term.
b) The term from the diagram of fig. 7 (a) involving the s-wave K − p → π 0 Λ amplitude contributes about one fifth of the total cross section at the highest energy of fig. 9 and adds practically incoherently to the K − p → π 0 Σ * 0 mechanism.
c) The term from the diagram of fig. 7(b) involving the p-wave K − p → π 0 Λ amplitude contributes about one half of the total cross section at the highest energy of fig. 9 and also adds almost incoherently to the other mechanisms.
We also calculate the differential cross section dσ/dM 2 as a function of the invariant mass of a pair of π 0 Λ for two values of K − momentum which we plot in fig. 10 . We find a good agreement with the experimental curves in [20] . In the figure we can see the Σ * (1385) peak clearly. We also notice, as in [20] , that the effect of symmetrization of the amplitudes with respect to the two final pions is visible in the spectra. Indeed, we see that for p K =659 MeV/c some strength piles up on the left hand side of the resonance while for p K =750 MeV/c this strength is moved to higher energies and produces a shoulder on the right hand side. These features are also clear in the experimental data. 
Conclusions
We have extended the chiral unitary approach for the interaction of the decuplet of baryons with the octet of mesons, for the case of meson baryon scattering in the region of the Λ(1520) resonance, by including theKN and πΣ channels which couple in d-wave to the main s-wave channels πΣ * (1385) and KΞ * (1533). The introduction of these channels allowed us to obtain a more realistic description of the Λ(1520) resonance and make predictions for reactions which evidence the nature of this resonance as a quasibound πΣ * (1385) state. We found a good example in the K − p → πΣ * (1385)(π 0 Λ) reaction which has been measured recently. We found that the strength of the cross section was well reproduced in terms of the large coupling of the Λ(1520) to πΣ * (1385), which is a prediction of the chiral unitary approach. Both the total cross sections as well as the invariant mass distributions of π 0 Λ were well reproduced. In addition the theory makes predictions for a large peak of the total cross section of K − p → π 0 π 0 Λ for K − p energies around the Λ(1520), and hence below the πΣ * (1385) threshold. The prediction for this cross section is related to the large coupling of the Λ(1520) to πΣ * (1385) in spite of the fact that the πΣ * (1385) is kinematically forbidden. This region falls just below the data measured in the reaction that we analyze. It is then clear that a measurement of the reactions in this region becomes most advisable, and confirmation of the quantitative predictions made here would support the idea of the Λ(1520) as a dynamically generated resonance, and by extension for the other resonances equally generated from the interaction of the decuplet of baryons and octet of mesons.
which the polar angle is θ 12 so that its components with respect to this rotated frame are given by p 2 =    p 2 sin θ 12 cosφ 2 p 2 sin θ 12 sinφ 2 p 2 cos θ 12 (A.3) and the differential is given by d 3 p 2 = −| p 2 | 2 d| p 2 | d(cos θ 12 ) dφ 2 . The δ function can now be used to perform the integral over cos θ 12 
